We demonstrate (both theoretically and experimentally) that fiber-optic Cherenkov radiation in the few-cycle regime exhibits three unique features absent when pumped with long pulses: continuum generation, high conversion-efficiency (up to 40%), and broad bandwidth (70-nm). Fiber-optic Cherenkov radiation (FOCR) -arising from soliton perturbed by higher-order dispersion -has emerged as a wavelength conversion technique to generate significant radiation in the visible wavelength range, where many applications exist while femtosecond lasers are not available [1]. It is widely believed that FOCR generates resonant, narrowband (i.e., ~10 nm in the visible wavelength range) spectra with low conversion efficiency (~10%). Recently, we have explored the dependence of FOCR bandwidth and conversion efficiency on the pump-pulse's parameters (such as duration and pulse energy), and have demonstrated FOCR featuring high efficiency (>40%), broadband spectrum (>50 nm), and low threshold (<100 pJ for pulse energy) [2]. Such a dramatic improvement results from using few-cycle pump pulses to drive the radiation. A thorough and detailed study of FOCR in this new regime, however, is yet absent. In this paper, we both theoretically and experimentally investigate FOCR in the few-cycle regime.
The location of FOCR is governed by the well-known phase-matching condition:
, where ) (ω β and ) (ω β s denote fiber dispersion and input soliton's propagation constant, respectively. Non-phasematched frequencies experience destructive interference and thus are strongly suppressed given enough propagation distance. To describe phase-mismatch caused spectral narrowing, we introduce a new quantity
to quantify the FOCR bandwidth and its dependence on propagation distance. For consistency with experimental results, we simulate a 10-fs fundamental soliton centered at 0.8 µm propagating inside a photonic crystal fiber (PCF). Fig. 1(a) plots the fiber's dispersion curve and the corresponding coherence length. The coherence length goes to infinity at the phase-matching wavelength; the FOCR phase-matching bandwidth decreases with the increase of propagation distance. Below 2 mm, phase mismatch π < is achieved for a continuous, broad wavelength range of hundreds of nanometers, suggesting that a continuum will build up spanning between the phasematching wavelength and the soliton center wavelength. This prediction is verified by numerically solving the generalized nonlinear Schrödinger equation; the resulting spectral evolution is shown as the inset of Fig.  1 (a). As the soliton enters the PCF, higher-order dispersion initiates the FOCR, which primarily extends to the shorter wavelength as predicted by the coherence length shown in Fig. 1(a) . At ~2mm, a continuum (marked by the double-arrow line) forms spanning between the soliton's center wavelength and the phase-
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© Optical Society of America matching wavelength. At ~10 mm, the continuum nearly vanishes and an isolated spectrum builds up. The continuum generation highly depends on input soliton's duration. For most reported FOCR experiments, which exploit input pulses of ~100-fs duration, the continuum generation is extremely weak and thus not observed. Figure 1 (b) plots dependency of FOCR conversion efficiency on input pulse duration for different pulse energies. Evidently, an optimum duration in maximizing conversion efficiency exists for a given input pulse energy, and it becomes shorter with increasing pulse energy. The dashed, orange line marks the duration corresponding to 10 carrier oscillation cycles at 0.8 µm. The fact that the optimum durations are less than 10 optical cycles even for a moderate energy level (80 pJ -150 pJ) indicates that FOCR in the few-cycle regime is highly desired to achieve higher conversion efficiency and stronger FOCR pulse. Guided by simulations, we construct such a FOCR source using a PCF (NL-1.8-710 available from Crystal Fibre A/S) pumped by a home-built Ti:Sapphire laser which operates at 85 MHz repetition rate with ~10 fs pulse duration. Figure 2 (a) records the FOCR spectra from three PCFs with different lengths: 2 mm, 4 mm, and 2 cm; the input pulse energy coupled into these fibers is fixed at 300 pJ. As predicted by the coherence length, a broadband continuum develops at the pump's short wavelength side for the 2-mm PCF. For the 4-mm PCF, an isolated FOCR spectrum builds up with 20-nm spectral width due to the reduced phase-matching bandwidth; the resulting spectral recoil pushes the residual pump spectrum toward longer wavelength. Emanating from the 2-cm PCF, the narrowband FOCR spectrum broadens to 50 nm due to self-phase modulation. Figure 2(b) plots the resulting spectra from the 2-mm PCF as we vary input pulse energy: a continuum appears with the input pulse energy increased; further increase results in an isolated FOCR spectrum growing up at the continuum's short wavelength side.
The results in Fig. 1(b) indicate that using few-cycle pulses to excite FOCR enhances its conversion efficiency, leading a stronger FOCR pulse; the corresponding stronger nonlinearity eventually leads to a broader FOCR spectrum in the visible wavelength range. In other words, FOCR excited by few-cycle pulses allows achieving broadband visible-wavelength spectra from relatively low-energy ultrafast sources. For example, scaling up the repetition rate of a Ti:sapphire femtosecond oscillator beyond 1 GHz is inevitably accompanied by low pulse energy (<1 nJ). Such high repetition-rate sources are desired in many applications, such as frequency metrology, optical arbitrary waveform generation, and high speed A/D conversion, to name a few. To demonstrate that FOCR in the few-cycle regime constitutes a powerful wavelength up-conversion tool to efficiently convert a near-infrared, GHz laser source into its broadband counterpart in the visible wavelength range, we switch to a home-built, 1 GHz Ti:sapphire oscillator as the pump source, centered at 0.83 µm with ~140 nm bandwidth. Figure 2 (c) presents the FOCR spectra generated by 10-cm PCFs with different zero-dispersion-wavelength (ZDW), i.e., 710 nm, 735 nm, and 750 nm; the figure legend specifies each fiber's ZDW and coupled average power. The FOCR spectrum, its center wavelength mainly determined by the phase-matching condition, shifts toward longer wavelength along with increasing the PCF's ZDW. Converted into the visible wavelength range with 20-30% efficiency, the FOCR spectra exhibit a bandwidth of 50-70 nm.
In summary, we have demonstrated (both theoretically and experimentally) that FOCR in the fewcycle regime exhibits three unique features that are absent when pumped with often-used, long pulses: (1) continuum generation (may span one octave in connection with the pump spectrum), (2) high conversion efficiency, and (3) isolated FOCR spectrum with broadband (70 nm experimentally obtained) coverage.
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